Abstract. Once multidrug resistance (MDR) occurs in cancer cells, it is very difficult to reverse since overexpression of P-glycoprotein (P-gp) is accompanied by altered expression of numerous other activated target genes. Previously, we reported that curcumin pretreatment would be an ideal method to prevent acquired drug resistance induced by adriamycin, administered prior to the development of MDR. To further confirm the previous results, we examined the potency of 3 forms of curcuminoids present in turmeric as potent preventers of acquired drug resistance. K562 cells were pretreated with or without curcuminoids for 24 h and co-incubated with adriamycin. P-gp and mdr1 mRNA levels were analyzed separately by flow cytometry and quantitative real-time RT-PCR. In addition, we performed an MTT assay to determine the adriamycin-induced cytotoxicity with or without pretreatment with curcuminoids. Short-and long-term exposure of native K562 cells to adriamycin led to upregulation of P-gp and formation of acquired drug resistance. However, after pretreatment with curcuminoids, the above processes were significantly inhibited. The MTT assay examined the enhanced effect of curcuminoids on adriamycin-induced cytotoxicity. Results from western blotting showed that curcuminoids could inhibit the adriamycin-induced increase of NF-κB nuclear translocation and activation. Finally, under the long-term exposure model, we proved that curcumin was capable of blocking the occurrence of MDR in the cell line throughout the 56-day culture period. This study reveals that curcuminoids have the potency to block the upregulation of P-gp and its mRNA induced by short-and long-term exposure to adriamycin. Curcuminoids may be a novel class of potent chemoresistance-preventing agent with high safety and the potential for widespread clinical use.
Introduction
The presence or development of multidrug resistance (MDR) is the primary cause of chemotherapy failure in the majority of types of cancer. Overexpression of P-glycoprotein (P-gp) is the most frequent cause of MDR (1, 2) . Cancers sensitive to drugs initially are usually observed to become drug resistant due to the drug-induced upregulation of P-gp. Decreased response to anticancer drugs and poor treatment outcomes were associated with the overexpression of P-gp (3) .
In our previous studies, we focused our emphasis on the 'reversing' effect of certain promising chemicals through the modulation of P-gp expression in MDR cancer cells. We reported for the first time that certain naturally occurring agents, such as honokiol and schisandrin B, are capable of reversing drug resistance through downregulating or inhibiting P-gp in MCF-7/ADR cells (4) (5) (6) . However, with the progression of our research, we discovered that once MDR had occurred, it is hard to reverse, as the expression level of P-gp was markedly high and certain related targets such as anti-apoptotic signaling were activated (7, 8) .
P-gp elevation is usually the initial step leading to final MDR (8) . Therefore, it would be ideal to prevent or block P-gp upregulation induced by anticancer drugs prior to the formation of MDR. This hypothesis led to us changing our research strategy. Our recently published report indicated a novel function of curcumin: it is capable of preventing acquired drug resistance induced by adriamycin (ADM) in K562 cells (9) . This discovery was awarded the China patent in 2010 (X. Hu and D. Xu. The application of curcumin as a cancer MDR preventor. China patent application No. ZL 2007 1 0070320. 4 ). However, curcuminoids contain at least three active forms: curcumin (Cur), demethoxycurcumin (D-Cur) and bisdemethoxycurcumin (BD-Cur). The chemical structures of these curcuminoids are shown in Fig. 1 . Therefore, in the present study, we further examined the most active forms of curcuminoids present in turmeric as potent preventers of drug resistance and explored the possible mechanism underlying the preventive effect. We also developed an in vitro model to test the long-term preventive effect of curcumin. Cell lines and culture conditions. Human leukemia cell line K562 was maintained in RPMI-1640 containing 10% fetal calf serum. Cells were cultured at 37˚C in a 5% CO 2 humidified atmosphere.
RT-PCR determination of mdr1 mRNA. The mdr1 mRNA level was detected by quantitative real-time RT-PCR. K562 cells were seeded into 24-well plates at a density of 0.5x10 5 /well with 5 µmol/l Cur, D-Cur, BD-Cur or cyclosporin A (CsA) for 24 h and then co-incubated with ADM (40 ng/ml) for another 48 h. In the vehicle control and ADM alone group, only 0.5% DMSO was used to pretreat K562 cells. Total RNA from K562 cells was isolated by TRIzol reagent according to the manufacturer's instructions. Total RNA was reverse transcribed to cDNA and stored at -20˚C. The sequence of TaqMan probe and primer pairs for mdr1 mRNA were described previously (10) . Primers and probe for GAPDH were purchased from PE Applied Biosystems (TaqMan GAPDH Control Reagent kit; Foster City, CA, USA).
Quantitative real-time PCR was performed as described previously (4) . In brief, mdr1 forward primer 5'-AGAAAG CGAAGCAGTGGTTCA-3' and mdr1 reverse primer 5'-CGAACTGTAGACAAACGATG-AGCTA-3' amplified a 90-bp fragment from the mdr1 cDNA that was detected by the TaqMan probe 5'-TGGTCCGACCTTTTCTGGCCTTAT CCA-3'. The reaction was performed in triplicate for each RT product. Samples were heated for 2 min at 50˚C and 10 min at 95˚C, followed by 40 cycles of amplification for 15 sec at 95˚C and 1 min at 60˚C. The fluorescent signal was determined using Sequence Detector™ software (PE Applied Biosystems), giving the threshold cycle number (C T ) at which PCR amplification reached a significant threshold. The ΔC T value was defined as the difference in C T value for the mdr1 and GAPDH mRNA. Accordingly, ΔC T =(mdr1 mRNA C T ) -(GAPDH mRNA C T ), and the relative mdr1 mRNA expression level was presented as 2 -ΔCT . Thus, the mRNA expression levels of mdr1 are expressed as concentrations relative to GAPDH mRNA. Cytotoxicity assay. Cells were seeded into 96-well plates, and then pretreated with or without 5 µmol/l Cur, D-Cur and BD-Cur for 24 h, followed by addition of 80 ng/ml ADM, and then co-incubated for another 72 h. Finally, 20 µl MTT (5 mg/ ml) was added to each well and the cells were incubated for another 4 h. Following aspiration of the culture medium, the resulting formazan was dissolved with 150 µl DMSO. The absorbance was read with a model ELX800 Micro Plate Reader (Bio-Tek Instruments, Inc., Winooski, VT, USA) at 570 nm.
Nuclear factor-κB (NF-κB) translocation detection. K562 cells were seeded into 6-well plates at a density of 1x10 6 /well and then pretreated with 5 µmol/l Cur, D-Cur or BD-Cur for 30 min and then co-incubated with ADM (100 ng/ml) for another 30 min. In the vehicle control and ADM alone group, only 0.5% DMSO was used to pretreat K562 cells. For western blot analysis, cells were harvested for isolation of nuclear and cytoplasm extracts using the Nuclear Extract kit (Active Motif, Carlsbad, CA, USA). The concentration of the proteins was then determined by the standard BCA protein assay. Approximately 40 µg of each sample was loaded in gels for the immunoblot assay according to a standard protocol. The primary antibodies used were mouse monoclonal anti-human NF-κB and rabbit polyclonal anti-human lamin B and α-tubulin (Cell Signaling Technology Inc.), and the secondary antibody used was HRP-conjugated anti-rabbit IgG (Santa Cruz Biotechnology Inc.). The signal was visualized with HzfRP-conjugated secondary antibodies using ECL Plus Western Blotting Substrate (Thermo Fisher Scientific, Rockford, IL, USA). Antibodies to α-tubulin (a cytosol-specific protein) and lamin B (a nucleus-specific protein) were used as loading controls.
Culture of resistant cell lines.
Resistant cell lines were cultured using the protocol of Cocker et al (11) . In the ADM alone group, K562 cells were seeded into a 55-cm 2 cell culture flask at a density of 2x10 6 cells and incubated in culture medium containing ADM at an initial concentration of 0.1 µg/ml. When the cells grew to confluence, they were collected and centrifuged for 5 min at 2,000 rpm, then 2x10 6 cells were reseeded, and the final concentration of ADM was doubled until the endpoint of the culture.
In the combined group, 5 µmol/l Cur was used for prevention of drug resistance. Cur was added to the culture medium 2 h prior to the ADM. The above two cell lines were analyzed for P-gp expression with FCM.
Statistical analysis. Data were expressed as the means ± SD, and analyzed using one-way ANOVA. Statistical analysis was performed with the SPSS 11.0 statistical analysis software. P<0.05 was considered to indicate a statistically significant difference.
Results

Preventive effects of Cur, D-Cur and BD-Cur on mdr1 mRNA upregulation.
Real-time RT-PCR was used to compare the different preventive effects of Cur, D-Cur and BD-Cur on the mdr1 mRNA upregulation caused by short-term exposure to ADM. As Fig. 2 shows, in the ADM alone group, the mdr1 mRNA expression level increased markedly when induced by ADM. In the combined treatment groups, the induced mdr1 mRNA expression was blocked. D-Cur was the most active of the three curcuminoids for prevention of mdr1 mRNA upregulation, followed by BD-Cur and then Cur. BD-Cur had similar preventive potency on mdr1 mRNA expression as CSA. After statistical analysis, we found that there were significant statistical differences between the ADM alone group and four combined treatment groups (P<0.05), and no statistical significance could be observed between the Cur, D-Cur and BD-Cur combined groups and the CsA combined group (P>0.05). The above results indicated that Cur, D-Cur and BD-Cur were capable of blocking the upregulation of mdr1 mRNA expression induced by ADM, and D-Cur was the most active compound, followed by BD-Cur and then Cur. The preventive effects of the three curcuminoids were similar to CsA, which was the positive control used in the study.
Preventive effects of Cur and its derivatives on P-gp upregulation.
Upregulation of P-gp was the most frequent reason for intrinsic and acquired drug resistance. To prove whether the preventive effect of curcuminoids on mdr1 mRNA upregulation was also associated with its encoded protein, P-gp, we then further separated the same groups and tested the P-gp expression by FCM. As expected, a notably elevated P-gp expression level was also observed after the short-term exposure to ADM alone (Fig. 3) . However, in the combined treatment groups, the P-gp upregulation induced by ADM was partly blocked by Cur, D-Cur and BD-Cur. Similar to the previous RT-PCR results, D-Cur had the most active preventive effect on P-gp upregulation, followed by BD-Cur and then Cur. Statistical analysis indicated a significant difference between the four combined treatment groups and the ADM alone group (P<0.05). No significant difference could be observed between the Cur, D-Cur and BD-Cur combined groups and the CsA combined group (P>0.05). These results suggested that short-term exposure of native K562 cells to ADM resulted in not only elevated mdr1 mRNA expression (Fig. 2 ) but also increased P-gp upregulation (Fig. 3) . Cur and its derivatives could clearly prevent acquired resistance triggered by ADM short-term exposure.
Effects of curcuminoids on the sensitivities of K562 cells towards ADM.
The results above demonstrated that Cur, D-Cur and BD-Cur have the potency to block the expression of mdr1 mRNA and its encoded P-gp induced by short-term exposure to ADM. To further confirm the enhancing effects of the three curcuminoids on ADM-induced cytotoxicity, we performed an MTT colorimetric assay to assess cell viability. As shown in Fig. 4 , pretreatment of K562 cells with Cur, D-Cur and BD-Cur notably enhanced the sensitivity of native K562 cells towards ADM. The mean cell viability detected by MTT decreased sharply from 75% (ADM alone) to 31% (Cur-pretreated), 25% (D-Cur-pretreated) and 29% (BD-Curpretreated), respectively. Taking the above results together, we hypothesized that the curcuminoid-enhanced ADM-induced cytotoxicity to K562 cells may be partly due to the blocking of the upregulation of P-gp, the transmembrane drug pump.
Western blot analysis detection of NF-κB in nuclear and cytoplasm extracts. As a transcription factor, NF-κB exhibits transcriptional activity when it is translocated into the nucleus. We detected the expression of NF-κB in the nuclear and cytoplasm extracts (Fig. 5) by western blot analysis to explore the effect of curcuminoids on NF-κB nuclear translocation. Following standardization with the internal control, the densitometric units of nuclear NF-κB bands in the five groups were 2.9, 12.3, 5.3, 8.1 and 4.0, respectively. Consistent with mRNA and P-gp expression, nuclear NF-κB translocation was markedly increased in the ADM alone group. However, in the combined-treatment groups, nuclear NF-κB translocation was markedly inhibited. Among the three curcuminoids, BD-Cur was the most active for inhibiting the nuclear translocation of NF-κB induced by ADM, followed by Cur and then D-Cur. (11) had successfully developed a cell line model for the acquisition of resistance to vincristine, and tested several chemical agents for their capabilities to prevent the acquisition of drug resistance. In our study, we conducted two independent experiments simultaneously according to a set protocol. As shown in Fig. 6A , the K562 cell line acquired drug resistance rapidly in the ADM alone group during the 56-day culture period, and finally, a resistant cell line emerged. This cell line was capable of tolerating ADM at a final concentration of 3.2 µg/ml, 32-fold higher than the initial concentration. In the combined group, Cur was shown to have the predominant preventive ability and the acquired resistance did not develop during the same culture time. We further compared the P-gp expression of the above two groups by FCM. Fig. 6B showed that ADM alone led to marked upregulation of P-gp level (red), while combined Cur pretreat- A B ment blocked the upregulation (green), and recovered the P-gp level close to the vehicle control group level (black).
Effect of Cur on blocking the development of the drug-resistant cell line. Cocker et al
Discussion
The wild-type K562 cell line normally expresses very low levels of mdr1 mRNA and P-gp, and has been characterized extensively on the phenomenon of MDR, as well as the function of P-gp (12, 13) . Therefore, we decided to use this cell line to assess the preventive effect of Cur and its derivatives on the expression of P-gp. CsA has been reported to have the capacity to inhibit the induction of P-gp expression in K562 cells (14) , therefore it appears to be a useful positive control for our present study. Curcuminoids are a class of natural phenolic coloring compounds found in the rhizomes of Curcuma longa Linn., commonly known as turmeric. The major curcuminoids present in turmeric are curcumin (Cur), demethoxycurcumin (D-Cur) and bisdemethoxycurcumin (BD-Cur). Previous studies have suggested that curcuminoids have enormous potency in the prevention and therapy of cancer. Su et al reported that Cur is capable of inducing apoptosis and cell cycle arrest in human colon carcinoma (15) . Lin et al found that Cur inhibits angiogenesis and tumor growth in ovarian cancer cells by targeting the NF-κB pathway (16) . Notably, its two derivatives, D-Cur and BD-Cur, were proven to have more potency than Cur in decreasing cell proliferation, inducing apoptosis and inhibiting cancer invasion (17, 18) . Additionally, researchers also reported that curcuminoids are capable of reversing MDR by downregulating the expression of drug resistance proteins such as P-gp (19, 20) and MRP1 (21, 22) . In conclusion, curcuminoids were formerly considered as a class of promising anticancer or drug resistance-reversing agents, but not as a novel class of chemoresistance-preventing agents.
Recently, our latest report (9) demonstrated that Cur exhibits a novel function of preventing chemoresistance. We found that ADM treatment of K562 cells markedly elevated the expression of P-gp and induced the occurrence of drug resistance. However, following Cur pretreatment, the P-gp and mdr1 mRNA upregulation induced by ADM was significantly inhibited. This result suggested that Cur has dual function as a drug resistance inhibitor, not only 'reversing' but also 'preventing' acquired drug resistance. In the present study, we have extended the above findings and compared the preventive effect of each curcuminoid on the induction of drug resistance. Similar to previous studies, we found that all the three curcuminoids are capable of preventing the acquired drug resistance induced by ADM in K562 cells, but the preventative effect of each curcuminoid was different.
Historically, many studies concerning cancer MDR have proved that numerous chemicals have the potency to reverse MDR in drug-resistant cell lines. However, only a few of them, such as CsA and PSC833, are capable of working as a dual drug resistance modulator, not only reversing MDR in drug-resistant cells, but also preventing chemoresistance in native cells (14, 23) . In our previous studies, we reported for the first time that two naturally occurring compounds, honokiol and schisandrin B, are capable of reversing MDR through downregulating (4) and inhibiting P-gp (5) separately, but neither of them work as a drug resistance preventer (data not shown). In the present study, we introduced Cur and its derivatives as a novel class of chemoresistance preventer with the dual function of MDR modulation.
The mechanism of curcuminoids as bi-rather than mono-modulators was unclear until now, but may be partly related to the NF-κB nuclear translocation and activation, after which the downstream target genes, such as mdr1, were regulated (12, 24) . NF-κB has now been implicated in carcinogenesis, invasion, metastasis and the development of drug resistance in cancer cells. As a transcription factor, NF-κB exhibits transcriptional activity when it is translocated into the nucleus. Several studies demonstrated that mdr1 gene expression could be regulated by NF-κB (25) . Cur is an efficient inhibitor of NF-κB since it inhibits NF-κB activation in multiple human carcinomas. Lin et al reported that Cur inhibits tumor growth and angiogenesis in ovarian carcinoma by targeting the NF-κB pathway (16) . Kunnumakkara et al suggested that Cur potentiates the antitumor effects of gemcitabine in pancreatic cancer by suppressing proliferation, angiogenesis, NF-κB and NF-κB-regulated gene products (26) . In our present study, results from western blot analysis showed that ADM treatment of K562 cells apparently increased the A B nuclear translocation of NF-κB. However, after pretreatment with Cur or its derivatives, the nuclear NF-κB translocation was inhibited markedly. This result demonstrated that Cur and its derivatives could inhibit the ADM-induced increase of NF-κB nuclear translocation and activation, and may be part of the mechanism underlying the preventive effect of curcuminoids on acquired drug resistance.
In the majority of research, Cur was found to be the most active of the three derivatives present in turmeric (26) (27) (28) , while in certain studies BD-Cur exhibited the highest activity (20) . Certain data also suggested that the mixture of all three is more potent than either one alone (20) . Our present results did not closely correspond with the previous reports: results from RT-PCR and FCM showed that D-Cur was the most active of the curcuminoids for prevention of mdr1 mRNA and P-gp upregulation, followed by BD-Cur and then Cur. However, results from western blot analysis showed that BD-Cur was the most active agent in inhibiting the ADM-induced increase of nuclear NF-κB translocation, followed by Cur and then D-Cur. This ranking did not correlate with the trend of the drug resistance-preventing activity of the three curcuminoids and supports the theory that the activity of preventing drug resistance was not necessarily proportional to the activity of inhibiting NF-κB translocation.
Previously, Cocker et al had established a preclinical model for the development of drug resistance to vincristine (11) . Therefore, in our study, we conducted two independent experiments simultaneously according to a set protocol. After 56 days of culture, native K562 cells acquired drug resistance rapidly in the ADM alone group and could tolerate ADM at a 32-fold higher level than the initial culture concentration. However, in the combined group, after 5 µmol/l Cur pretreatment, the development of drug-resistant cells was blocked during the same culture time and the ADM-induced P-gp upregulation was markedly reduced. This experiment strongly indicated that the development of drug resistance may be preventable using curcuminoids not only after short-term but also after long-term exposure of native cancer cells to ADM. Thus, chemoresistance prevention should be considered in the early course of chemotherapy, particularly among patients whose cancers are newly diagnosed and potentially drug sensitive. Therefore, in the clinic, treatment combining chemotherapy drugs with resistance-preventing agents may reduce the appearance of resistant MDR subclones and lead to a longer disease-free survival.
As for the potency of curcuminoids in preventing P-gp-mediated drug resistance, it is at least comparable to CsA. However, curcuminoids were superior to CsA, since at effective concentrations, curcuminoids do not have severe side effects like CsA, such as immunosuppression and renal toxicity (23) . In conclusion, curcuminoids are a novel class of potent chemoresistance-preventing agents with low toxicity, high safety and potential for wide clinical use.
